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A quantum kinetic theory is used to compute excitation induced dephasing in semiconductor 
quantum dots due to the Coulomb interaction with a continuum of states, such as a quantum well 
or a wetting layer. It is shown that a frequency dependent broadening together with nonlinear 
resonance shifts are needed for a microscopic explanation of the excitation induced dephasing in 
Q ' such a system, and that excitation induced dephasing for a quantum-dot excitonic resonance is 

CZ3 ' different from quantum-well and bulk excitons. 
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Semiconductor quantum dots (QDs) are widely studied, eg. for quantum optical applications, 0, 0] quantum 
information processing, or semiconductor laser systems. 0^0] In &U these optical investigations, the excitation 
induced decoherence of the material polarization driven by optical fields plays a decisive role. The dephasing of the 
' optical polarization limits all externally controllable coherent and quantum entanglement processes, and determines 
the homogeneous broadening of quantum-dot laser active media. 0, 0, Measurements of polarization dephasing in 
self-organized QDs have recently been reported, [j| and excitation induced dephasing processes have been observed 
in interface QDs, where they were found to be important even at low temperatures and densities. |lf)l | 

Currently missing is a consistent microscopic theory for the excitation induced dephasing of polarizations created 
£NJ , between in QD states due to Coulomb interaction with carriers in continuum states. The traditional analysis of 
scattering and dephasing processes in condensed matter systems with continuous energy spectra invokes a Markovian 
approximation, in which the full time-dependence of the dephasing process is neglected and replaced by an instan- 
taneous scattering event. The Markov approximation thus discards the memory time of a scattering process, which 
corresponds to a quantum-mechanical energy-time uncertainty, and describes dephasing by equations of Boltzmann 
t-H ' type using energy conserving transitions between quasi-particle states. The continuous energy spectra of carriers in 
bands ensure that through the energy-momentum relation in two or three dimensions a large phase space contributes 
to the scattering/dephasing processes. Moreover, scattering/dephasing processes for a continuum of states do not 
single out one energy because the relevant physical quantities are obtained by an average over a range of energies. 

For the dephasing of the optical polarization in QD structures such a treatment needs to be investigated because 
a discrete QD state enters the ener gy c onservation condition, which reduces the available phase space by restricting 
*^ ■ the allowed scattering possibilities, [ill fl2| Disregarding inhomogeneous broadening, the dephasing affects only the 
very narrow QD resonance, whose value is excitation dependent. Thus one has to take the frequency dependence 
of the dephasing and the excitation-induced renormalization of the QD resonances seriously. This is done in this 
paper using a quantum kinetic analysis that avoids the Markovian approximation and thus includes the memory of 
the interaction with carriers in scattering states leading to polarization dephasing. Another interesting aspect is 
that the arguments made above against employing the Markov approximation for a narrow resonance also pertains 
to excitons, i.e., Coulomb bound states. The non-Markovian calculation treats both types of bound states (QD 
resonances and excitons) on an equal footing and the different behavior of the two types of bound states can be 
investigated. 

In this letter we present a microscopic non-Markovian calculation of the excitation induced polarization dephasing 
for a model representing shallow epitaxially grown or interface QDs. The heterostructure is treated as a system of 
QDs embedded in a quantum well (QW) and the optical polarization is computed including the Coulomb interaction 
between carriers in the dot states and carriers populating the continuum of scattering states in the QW. The Coulomb 
interaction causes excitation dependent modifications of QD optical response to external fields: First, the non- 
Markovian treatment of the Coulomb interaction between QDs and surrounding QW leads to an energy dependence of 
the polarization dephasing. Second, excitation-induced shifts of the QD resonance energies are obtained, in agreement 
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with experimental results. It is shown that the combination of resonance-shifts and energy dependent polarization 
dephasing leads to an excitation dependence of the QD optical response that is qualitatively different from the QW 
and bulk systems. 

Our analysis starts from the standard many-particle Hamiltonian including Coulomb interacting electrons and holes 
with dipole coupling to a classical electromagnetic field. [14j Since we are modelling QD and QW states interacting via 
the Coulomb potential, 0] the relevant Coulomb interaction energy matrix element V rsnm — Y^qyto Vqlnm{q)* Irs(q) 
contains the Fourier-transformed QW Coulomb potential V q and overlap integrals I rs (q) = J d 2 rcj)* (r) e~ l ^' r (j) s (r). 
Here 4> n (r) is a carrier envelope function in the plane of the QW, which can be localized or delocalized, describing 
a dot or wetting layer state, respectively. The integral is extended over the QW plane. We neglect the interaction 
with phonons because this interaction mechanism gives an excitation-independent background dephasing that can be 
separated from the excitation-induced contribution. 

We apply the nonequilibrium Green's functions technique [lfil Il7l | to compute the linear optical response using 
the free generalized Kadanoff-Baym ansatz according to the general approach presented in Ref. fl8t . In order to 
illustrate the physical effects due to the interaction between carriers in QD and QW states, we treat the case of one 
localized state (denoted by "0" for the QD ground state) that is coupled to delocalized scattering states (denoted 
by k for the wetting layer or QW states) for electrons and holes. Typically, in realistic systems different QDs are 
sufficiently far apart that there is no coupling between dots at different positions. We furthermore assume identical 
single-particle wave functions for electrons and holes to avoid the distortion of the continuum states due to charged 
dots. Then the dynamical variables are the polarizations of the QD, p n = (b a ), and the QW, p k — (6fc»fc)- For 
the evaluation of the probe absorption spectra, we retain all terms linear in the induced probe polarization to obtain 
dynamical equations for po and pu , in which the dephasing is described by memory integrals over interaction processes 
with the continuum. We do not employ a Markov approximation and transform the dynamical equations to frequency 
space. The resulting Fourier-transformed polarization equations with energy dependent scattering rates contain the 
full memory of the polarization dynamics in the time domain. 

In detail, the electron-hole polarization connecting the electron and hole ground states ("0") is determined by 

(fiw - eg HF - £o iHF )po + M^oo,hf(± - n c - n%) = iS (u) (1) 
with the scattering contribution 

S (u}) = -AooPoM + E A ,fc'Pfc'(w). (2) 

k' 

In Eq. the Rabi energy /tf2oo,HF and the QD single-particle energies £q HF {ot — e,h) are renormalized energies 
containing the many-body Hartree-Fock contributions, and the bare QD energies £q contain the QD electron- hole 
binding energy. The carrier distribution functions are denoted by Uq. The Hartree-Fock contributions to M^oo.hf 
and £q HF are linear in the bare Coulomb potential, |l4l | whereas the correlation (or scattering) contributions Sq(u>) 
are given in 2nd Born approximation. |l9l | Since we assume a quasi-equilibrium situation with temporally constant 
electron and hole populations, we can analytically evaluate the Fourier transform of the non-Markovian dynamical 
equation for the scattering contributions that determine the optical response to the weak probe pulse. The result for 
the frequency dependent diagonal part is 

A ooH = jj E E 9(^~4-^+4> +g -4>) 

q=£Q,k',k" <*./3=e,h 
[2W^ \I k'(q)\ 2 - 5 a0 W q W k „- k , +q h k ,{q)I ok „{k" -k' + q)*] 
(1 - nt,)4„ +q {l 4„) + nl (1 - 4„ +q ) 4,] (3) 

and correspondingly for the off-diagonal parts Ao,/^ , which can be obtained from Eq. © by pulling the k' sum out, 
making the replacements n^, — > and using g(ftio — £q — e£v + £ k "+q ~ e f")- Here, 17(e) = lim^o = 7r<5(e) + iP\ 
where e is the energy argument and P denotes the principal part. Furthermore, writing Aoo = Too — «Aoo, Too 
is the dephasing contribution, and Aoo the energy renormalization by the correlation contribution that is added 
to the Hartree-Fock contribution. The screened potential is denoted by W q — V q /e q , where e q is the Lindhard 
dielectric function in static approximation computed using the QW carrier distributions, and the normalization area 
is denoted by A. The Markovian limit of Eq. © is obtained by using g(tQ — e^t, + e k „ +q — ef//), which makes A 
frequency independent. For the QW polarizations p k the equivalent to Aqo(w) is K kk (uj), which is computed by using 
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g(huj — £fe — e£, + %"+q ~ e fc") anc " replacing lok' (?) — * -ffcfc' (?) = 5{k — k' + q). Thus, the form of Eq. ® describes the 
dephasing for both QD and QW states. We choose a parabolic in-plane confinement potential for the QD and a QW 
width of w — 4 nm, with material parameters typical of the InGaAs/GaAs system. For the scattering states, we use 
orthogonalized plane waves for the overlap integrals. Equations 0-® couple to the microscopic QW polarizations 
Pk ■ In deriving the equations of motion for the pk , we have ignored the influence of the QDs on the QW states since 
this influence is small for the low QD concentrations considered in the following. The probe absorption spectra are 
calculated as in Ref. [l5| . 

Figure 1 shows absorption spectra obtained by evaluating Eqs. Q-© and their counterparts for the QW polar- 
izations pk for different carrier densities under room-temperature (T — 300K) quasi-equilibrium conditions. Each 
spectrum exhibits the QD resonance and the absorption due to the extended QW states including the QW excitonic 
resonance. With increasing carrier density, the bleaching of the QD resonance is accompanied by a pronounced 
red shift and excitation induced broadening. In contrast, the QW excitonic resonance exhibits only bleaching and 
broadening, but no energy shift. Such a red shift of the QD ground-state resonance has been observed recently in 
photoluminescence experiments. |2fJ 

Figure 2 focuses on the line shape of the QD absorption (solid line) . Comparison with a Lorentzian least-squares fit 
curve (dotted line) shows that the linewidth of the QD absorption computed including memory effects is significantly 
different from a Lorentzian line. Earlier calculations without memory effects, i.e., essentially Markovian versions of 
our approach, have also shown non-Lorentzian excitonic line shapes for bulk and QWs, [14L Il9| but the important 
point here is that the absorption linewidth in non-Markovian calculation is smaller than the Markovian result (dashed 
line). This is surprising because non-Markovian calculations are known to broaden yield broader spectral features 
than Markovian treatments because scattering and dephasing are increased compared to the Markovian treatment by 
including the memory of the interaction processes. |2l| 

Figure 3 explains why the non-Markovian calculation can lead to a smaller dephasing than the Markovian calcula- 
tion. It shows the real part of Eq. J3J, which determines the dephasing, i.e., the broadening of the absorption spectrum. 
The uj dependence of T = ReAoo shows that the non-Markovian calculation does not yield energy conservation among 
the single-particle states connected by the scattering process, but introduces an additional hw contribution. The non- 
Markovian calculation can therefore lead to a larger dephasing, but in the present case this is only true for hio > eo 
because in this region more QW states can satisfy the argument of the 5 function, which occurs in the real part of 
Eq. Q. For energies smaller than the unexcited dot resonance hoj < eo, the opposite effect occurs because less QW 
energies in Eq. ® satisfy the argument of the 5 function. Thus, the QD dephasing is determined the value of T(ui) 
at the QD resonance. As can be seen in Fig. 1 the QD resonance undergoes a redshift and "picks" the dephasing 
at the energies marked by dots in Fig. 2. The excitation induced shift of the QD resonance is the reason why the 
non-Markovian calculation leads to a narrower line than the Markovian calculation. 

Figure 4 summarizes the results for the excitation dependence of the dephasing. Plotted is the full width at half 
maximum (FWHM) versus carrier density. The main figure shows the difference between the full (solid curve) and 
Markovian (dashed curve) calculations. While both curves exhibit a linear dependence of spectral width on carrier 
density, using the Markovian approximation overestimates both the magnitude and the carrier density dependence. 
As explained above, this result is a consequence of the frequency dependent effective dephasing rate and the excitation 
induced red shift of the dot resonance. The inset compares these results to the QW broadening. In addition to an 
appreciably larger broadening because of a larger phase space that contributes to the scattering integral, the QW 
spectral width has a superlinear dependence on carrier density because the QW exciton experiences the excitation 
induced dephasing at the same energy without counteracting this trend by undergoing a red shift like the QD resonance. 
Comparison with experiment is best done in terms of the change in spectral width with carrier density as it eliminates 
the background due to carrier-phonon scattering. We extracted values of 3 to 6 x 10 -18 meV /cm -3 from single QD 
measurements, |20) where the variation arises from dot-to-dot fluctuations and uncertainty in carrier density. This 
range of values compares favorably with our prediction of 2 x 10 -18 meV/cm~ 3 (slope of solid curve in Fig. 4), where 
we used the QW width of 4 nm and assumed e# = 4 meV. 

In conclusion, we present a non-Markovian quantum-kinetic analysis of the excitation dependent energy renormal- 
ization and broadening of QD states that arc electronically coupled to a continuum of states, which we model as a 
QW. The dot resonance displays a density-dependent red shift, which is the counterpart of the band-gap shift for the 
QW states, whereas the QW excitonic resonance is stationary due to the compensation of gap shift and reduction of 
the exciton binding energy. The non-Markovian calculation introduces a frequency dependent damping, and its value 
at the excitation dependent QD resonance determines the magnitude of the polarization dephasing, i.e., the linewidth 
of the QD resonance. The QD resonance shows a pronounced excitation induced dephasing, but the excitation in- 
duced shift of the resonance counteracts the overall increase of the damping to some extent. Compared to the QD 
resonance, the QW exciton's damping is larger due to a larger phase space available for the scattering processes, and 
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its stationary resonance experiences the excitation induced increase of the damping at the QW excitonic resonance 
and thus a larger excitation induced dephasing. 
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FIG. 1: Room-temperature absorption spectra for the combined quantum-dot/quantum- well system for carrier densities 2 to 
4 x 10 11 cm~ 2 in intervals of 5 x 10 10 cm~ 2 (top to bottom, the base line of the spectra is shifted). The energy unit is the 
3-dimensional exciton binding energy en, and the zero is at the bare quantum-dot excitonic transition hwo. 




FIG. 2: Absorption spectrum around quantum-dot resonance for carrier density 2.5 x 10 11 cm -2 calculated using the full non- 
Markovian scattering contributions (solid curve), and the Markov approximation (dashed curve). The dotted curve is obtained 
from a least-squares fit with a Lorentzian. 
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FIG. 3: r(w) = ReAoo(^) [Eq. Q] for three different carrier densities. The respective renormalized quantum-dot resonance is 
marked by a dot. 




FIG. 4: Excitation dependent broadening of the quantum-dot and quantum-well resonance lines calculated using the full non- 
Markovian scattering contributions (solid lines) and the Markov approximation (dashed line). Inset: Comparison to excitation 
induced broadening of the quantum-well excitonic resonance. The energy unit is the 3-d exciton binding energy. 



